A young provenance/progeny trial of spotted gums, which are major hardwood plantation species in subtropical eastern Australia, was studied for growth, form, and damage from Quambalaria shoot blight. The trial contained a wide range of genotypes, mainly of Corymbia citriodora subsp. variegata, with between one and 21 families per provenance. Genetic parameters were calculated from 23 provenances with four or more families. Provenances superior for growth included four well-represented C. citriodora subsp. variegata provenances, all from south-east Queensland, which also had a high proportion of superior families. Overall, Queensland provenances had significantly higher mean diameter and height than those from New South Wales (NSW), although there were several superior NSW families. Provenances superior for growth also displayed good straightness and relatively fine branching. Relatively low Quambalaria shoot blight damage was recorded for four Queensland provenances and one coastal NSW provenance, which all had high proportions of families with low damage. Provenances that were putative intergrades between C. citriodora subsp. variegata and C. maculata tended to have high damage levels. However, some mediocre provenances contained superior families potentially useful for breeding. Regressions of Quambalaria damage index (QDI) on latitude, and mean height growth on QDI, were highly significant and moderately strong (0.51 and 0.58, respectively), indicating increasing damage in more southern material, and a retarding effect (although not striking) of damage on growth. Individual heritability estimates were low (zero to 0.14) for growth and form, and moderate for QDI (0.31). The genetic correlations for QDI with growth traits were strong and negative (-0.77 and -0.88), supporting a strategy of selecting vigorous trees for breeding programs from provenances and families superior for these traits.
Introduction
The spotted gums are amongst the most important timber species in natural forests in sub-tropical Australia (LEE, 2007; BOLAND et al., 1984) . In natural forests, spotted gums of all species grow to tall trees of up to 35-45 m in height and 1 to 1.3 m in diameter on favourable sites, and up to 20-30 m in height on poorer sites (BOLAND et al., 1984) . They typically have a long, straight bole. The timber from natural stand trees machines and finishes well, and has a wide range of uses, from engineering applications, poles, handles, general framing and construction, to joinery, furniture, and turnery (BOOTLE, 1983) . Before 1995 the spotted gums were classified in the genus Eucalyptus, under the Subgenus Corymbia (PRYOR and JOHNSON, 1971) . HILL and JOHNSON (1995) proposed placing them in a separate genus, Corymbia, Section Politaria, recognising the species C. citriodora, C. maculata, C. variegata, and C. henryi. MCDONALD and BEAN (2000) established C. citriodora subsp. variegata and C. citriodora subsp. citriodora as two chemotypes of C. citriodora. In this paper we use the genus Corymbia and the spotted gum species and subspecies identified by MCDONALD and BEAN (2000) .
Due to the likelihood of future reductions in wood supply from natural stands, and the species' adaptability over a wide range of sites, spotted gums (particularly C. citriodora subsp. variegata) have become important solid wood plantation species in sub-tropical eastern Australia (Queensland and NSW) in the last 12 years (LEE, 2007) . Over 104,000 ha of hardwood plantations are established in subtropical eastern Australia (GAVRAN and PARSONS, 2008) . Approximately 21% of this is spotted gum (NICHOLS et al., 2008) .
A major disease of spotted gums is Quambalaria shoot blight, caused by Quambalaria pitereka (= Ramularia pitereka) . This disease became endemic in spotted gum plantations in north-eastern NSW and south-east Queensland within three years of large-scale planting (SELF et al., 2002; CARNEGIE, 2007b) . The pathogen infects immature leaves and growing shoots, causing them to distort and die (WALKER and BERTUS, 1971; PEGG et al., 2008) . Repeated infection results in proliferation of leaders, causing significant reductions in height growth and stem malformations (SIMPSON et al., 1997; SIMPSON, 2000; CARNEGIE, 2007a, b; PEGG et al., 2008) .
Quambalaria shoot blight is common along the eastern coast of Australia, associated with severe damage to seedlings and young regeneration in native forests, and has been known from nurseries in NSW since the mid 1950s (WALKER and BERTUS, 1971; BERTUS and WALKER, 1974; OLD, 1990) . The disease is also common in young spotted gum regeneration in native stands adjacent to commercial plantations, and these natural trees provide a source of inoculum for many plantations (PEGG et al., 2009) . STONE et al. (1998) species were to be planted on a commercial scale in northern NSW, and CARNEGIE (2007b) recently outlined a range of management options, including tree improvement. SELF et al. (2002) considered Quambalaria shoot blight to be one of the most significant health problems facing hardwood forestry in eastern Australia. As a consequence, the planting of spotted gums was temporarily stopped in Queensland (SELF et al., 2002; DICKINSON et al., 2004) and dramatically reduced in NSW for several years (CARNEGIE, 2007b) . The disease is still considered the most significant hindrance to profitable spotted gum plantations in subtropical and tropical Australia (CARNEGIE, 2007b; PEGG et al., 2008 PEGG et al., , 2009 ).
Variation in susceptibility of spotted gum genotypes to Quambalaria shoot blight was observed, at the provenance level, within a year or two of planting in young trials in NSW and Queensland. In a "crop loss" study on three sites in north-east NSW, considering fungal foliar damage scores summed over all treatments, C. citriodora subsp. variegata from Warwick, Queensland (an inland provenance) was two to four times more damaged than C. maculata from the NSW south coast (SIMPSON et al., 1997) . In south-east Queensland trials, C. citriodora subsp. variegata provenances from higher rainfall coastal areas showed superior tolerance to those from areas with lower rainfall (NIKLES et al., 2000) . Wide variation in susceptibility was also observed early in Forests NSW commercial spotted gum plantations planted with single provenance seedlots (CARNEGIE and CANT, Forests NSW, 1997, unpublished data) , and this variation was suspected to occur at the family level. SELF et al. (2002) found Richmond Range (NSW) C. citriodora subsp. variegata to be the least infected of eight spotted gum provenances in a small inoculated trial in south-east Queensland. Woondum provenance (south-east Queensland) was moderately susceptible, and the most severely infected provenance was from Presho, western Queensland. SELF et al. (2002) noted that significant variation in Quambalaria shoot blight tolerance existed within provenances. In a majority of taxon x site trials in Queensland, containing a limited number of spotted gum northern species provenances per site, Woondum (south-east Queensland) C. citriodora subsp. variegata material was significantly less damaged by Quambalaria shoot blight than the other provenances (DICKINSON et al., 2004) . It also had the best height growth on nine sites. Eight C. henryi provenances displayed relatively poor Quambalaria shoot blight tolerance in these trials.
Prior to commencing this study there was a paucity of published data on genetic variability and genetic parameters for spotted gums, notably C. citriodora subsp. variegata. In 1999, a large provenance-family trial of spotted gum (predominantly C. citriodora subsp. variegata) was established, as part of a breeding population, on a site in north-east NSW typical of much of the land planted to spotted gums in that area. Objectives of this trial were to study growth, form, and Quambalaria shoot blight tolerance at various genetic levels -provenance, family, and individual -and identify superior genotypes for commercial deployment.
Methods

Seedlots in trial
The progeny trial contained open-pollinated seedlots collected from 194 individual mature spotted gum trees in natural forest in NSW (113 trees) and south-east Queensland (81 trees). The parent trees occurred mainly in "core areas" of C. citriodora subsp. variegata between latitudes 26°S and 30°S (MCDONALD and BEAN, 2000) , in NSW sub-coastal ranges and south-east Queensland. Some individual tree collections in the Kempsey area (about 31°S) may have been from C. maculata or intergrades of this species with C. citriodora subsp. variegata (based on taxonomy of HILL and JOHNSON, 1995) . The seedlots overall represented 24 provenances in NSW and 7 provenances in Queensland, as defined by the state forests where collections were carried out ( Table  1) . Two NSW commercial bulk control C. citriodora subsp. variegata seedlots, from South Toonumbar State Forest (28°30'S) and Bagawa State Forest (30°08'S), were also planted in the trial.
Trial design and establishment
The trial consisted of 5 replicates of 5-tree line plots of each seedlot, planted in a resolvable 14 row x 14 column design with an espacement of 4.0 x 2.5 m. The design was generated using Alpha+ software (WILLIAMS and MATHESON, 1994) . The trial was located at 28°52'S latitude and 152°38'E longitude, on a purchased grazing property about 13 km south-south-east of Bonalbo in north-eastern NSW. It was on the gentle to moderately sloping mid-lower east-facing slopes of a broad ridge at altitude 170-190 m ASL. Mean annual rainfall (MAR) for Bonalbo (Commonwealth Bureau of Meteorology data for 58 years ex Bonalbo Post Office) is about 1029 mm. The existing vegetation was predominantly partially-improved pasture. Soils on the trial site were of fairly low fertility, predominantly Yellow Podzolics on sandstone parent material, with a shallow (15 cm) darkcoloured clay loam A1 horizon, over a yellowish-brown medium clay B2 horizon, with grey-brown mottles.
Severe frosts affected the trial in early June 2000, damaging many trees, mainly in the lower altitude replicates. Most or all of the foliage was scorched on the smaller trees (< 2m tall), but the crowns of most trees had largely recovered by autumn 2001, when the 25-month Quambalaria shoot blight assessment (below) was carried out. It is likely that the growth rate and form of severely affected trees were retarded and damaged for a period by the frosting.
Assessments
A heavy infestation of Quambalaria shoot blight occurred in late summer-autumn 2001, following a very wet 5-month period. Disease was assessed in the first three replicates of the family trial in April 2001, at age 25 months from planting. Generally, the first three trees in each 5-tree plot were assessed, avoiding obvious runts and trees whose crowns had been killed and were reshooting from lignotubers at the base after severe frost damage. In such cases, different trees in the plot were assessed to make up the three trees. Each tree was scored for incidence and severity of Quambalaria shoot blight: incidence is the percentage of the immature crown (leaves and shoots) carrying any Q. pitereka infection, either as white fungal pustules or crinkled (or dead) shoots and leaves, while severity is the percentage of the area of the infected shoots/leaves that is damaged, scored in classes of 1 to 8 depending on the percentage of leaf area affected:
Class 1 = > 0 to 3 % Class 2 = 3 to 6 % Class 3 = 6 to 12 % Class 4 = 12 to 25 % Class 5 = 25 to 50 % Class 6 = 50 to 75 % Class 7 = 75 to 95 % Class 8 = > 95 % Only the immature parts of trees (leaves and shoots) were assessed since the pathogen infects this part of the plant (WALKER and BERTUS, 1971) . As such, the whole crown was not assessed (i.e. not the mature leaves, branches or stem). For each tree with infection, a Quambalaria Damage Index (QDI), expressed as a percentage, was calculated as follows: QDI = (Incidence * Median value of Severity Class) /100
This was considered to express the true extent of Q. pitereka damage to the immature crown of the tree, and to provide a better means of comparisons among seedlots. This index is similar to, and a precursor of, the Crown Damage Index (CDI) described by STONE et al. (2003) ; however, the CDI assesses the whole crown for pest and disease damage, including mature and immature foliage.
Diameter at breast height (DBHOB, 1.3 m above ground) and total height (HT) were assessed at age 41 months from planting, on trees assessed for Quambalaria shoot blight. On trees forking below 1.3 m height, the largest diameter stem was measured. Two major form traits were also scored on these trees, both on a scale of 1 to 6, with score 6 assigned to the best trees and score 1 to the poorest trees in the trial, as follows:
Stem straightness (STR), a subjective score, with essentially straight trees scoring 6 and very crooked trees scoring 1, based on methods developed by ELDRIDGE (1973) . Trees of intermediate straightness were given scores of 2 to 5, with standards for each score determined by "cruising" the trial before assessment.
Branch thickness (BRT), with score 6 applied to trees with predominantly very fine branches and score 1 to trees with multiple thick branches. This was a more objective scoring system, with defined standards for each score.
Additionally, the number of occurrences of forking in the main stem and number of ramicorn branches were counted for each tree (ramicorn: defined as a very steepangled branch, previously forming a competing leader, but now bypassed by the dominant leader).
During this assessment, trees considered to be C. henryi (based on juvenile leaf size) were noted in multiple plots of each of 10 families, from Ewingar, Mt Belmore, Mt Pikapene, Sugarloaf (NSW), and Lockyer (Queensland) provenances. These locations were adjacent to the mainly lowland range of C. henryi which extends from near Grafton (NSW) into the south-east corner of Queensland (HILL and JOHNSON, 1995) . Data from these families were used to give a general indication of the performance of C. henryi compared with that of C. citriodora subsp. variegata.
Analyses
Analyses of variance: No estimates of tree volume using DBHOB and HT data were attempted, due to the small size of many of the trees, as such estimates would have been practically meaningless in many cases. Normality of individual tree data for all families for each of the traits DBHOB, HT, STR, BRT, and QDI was checked using the SAS Univariate Procedure (SAS INSTITUTE, 1990) . Residuals for DBHOB, HT and STR (generated from an initial analysis of variance including replicate, seedlots, rows, columns, and the family x replicate interaction) were essentially normally distributed, based on measures of skewness and kurtosis and normal probability plots. Residuals for QDI were not normally distributed, and data for this trait were transformed for analysis using arcsin square root transformation, which improved normality. Transformations did not improve the normality of BRT data, and the raw data were analysed. Homoscedasticity for all traits was indicated by approximately random distributions of plotted residuals against predicted values about zero (SAS Plot Procedure). No biologically anomalous outliers were indicated from these plots.
The individual tree data set including all spotted gum families (but excluding controls) was analysed using the SAS Mixed analysis of variance procedure (SAS INSTI- TUTE, 1996) , to determine the significance of differences among provenances and families within provenances for each trait, and estimate least squares means for provenances. The following family model was used:
where µ is the overall mean; B i is the random effect of the i th replicate; P j is fixed effect of the j th provenance; F k (P j ) is the random effect of the k th family nested in the j th provenance; R l (B i ) is the random effect of the l th row in the i th replicate; C m (B i ) is the random effect of the m th column in the i th replicate; B i F k (P j ) is the random interaction between the i th replicate and the k th family in the j th provenance (or plot); e ijklm is the random error of the ijklm th tree.
Analyses of pre-planned contrasts between sets of provenances were carried out using model 1 above.
Least squares means for all individual seedlots (including the controls) were estimated using the following model:
where µ is the overall mean; F k is the fixed effect of the k th seedlot; B i is the random effect of the i th replicate; R l (B i ) is the random effect of the l th row in the i th repli-cate; C l (B i ) is the random effect of the l th column in the i th replicate; B i F k is the random interaction between the i th replicate and the k th family (or plot); e iklm is the random error of the iklm th tree.
Genetic parameters: Only families in better represented provenances (4 or more families per provenance) were used to estimate genetic parameters; control seedlots were also excluded, giving 178 families in 23 provenances. Variance components for heritability estimation were generated for each trait, using model [1] above. Individual heritability and heritability of family means, on a family-within-provenance basis, were estimated separately for traits.
Heritability of family means was estimated as:
where σ 2 f is the family within provenance variance, σ 2 p is the plot (or family x replicate) component, σ 2 e is the residual variance, r is number of replicates, and n is mean number of trees per plot.
The coefficient of relationship used in computation of the individual tree heritability values was assumed to be 0.4, rather than the value of 0.25 used for half-sib families. This was because open-pollinated families from natural eucalypt stands generally carry a degree of inbreeding resulting from selfing and neighbourhood inbreeding (ELDRIDGE et al., 1994; WILLIAMS and MATHE-SON, 1994) .
Additive genetic correlations (r A ) between growth traits and transformed QDI were estimated for 178 families in the well-represented provenances, as were used for heritability estimation. These correlations were estimated using ASREML (GILMOUR et al., 2002) , where variance components were estimated from an individual tree model with similar random and fixed terms as in Equation 1, with the exception that a Tree term (T k ) linked to a pedigree was used instead of the family term Where r axy is the genetic correlation between traits x and y; σ 2 a xy is the additive covariance of traits x and y; σ 2 a x and σ 2 a y are additive variance components for traits x and y. Phenotypic correlations among all growth and form traits were estimated for the same families using the SAS CORR Procedure (SAS INSTITUTE, 1990) .
Relationships between Quambalaria shoot blight, growth and provenance origins: Coefficients of determination R 2 for Type II linear regression between the least-squares means for three growth traits and QDI were calculated using PAST software (HAMMER et al., 2001) , for all the spotted gum families (194 families), and for the 23 better represented provenances (see above), in replicates 1 to 3. R 2 for regressions of QDI on provenance latitude and altitude were calculated using the SAS REG Procedure (SAS INSTITUTE, 1990) . Mean annual rainfall and summer rainfall (October-March) for each provenance were estimated using ANUCLIM V. 5.1 (HOULDER et al., 2001) . Regression of mean QDI for provenances on mean annual and summer rainfall of provenance origins was also calculated.
Results
Overall growth, form and disease damage
Mean tree DBHOB and height were 3.8 cm (0.04 SE) and 4.3 m (± 0.03 SE) respectively (Table 1) . Mean QDI was 40.4 % (± 1.05 SE), with a wide range of individual tree values from 0.0 % to 97.5 %. Wide variation in QDI also occurred within many families and between families in some provenances. Twenty-seven percent (27 %) of assessed trees had between 1 and 4 forks, although the mean number of forks was low, at 0.3. Ramicorn branches were more numerous: 46 % of trees were affected, with between 1 and 3 ramicorns, and an average of 0.64 per tree ( Table 1) .
Provenance and family performance
There were highly significant differences among provenance means (P < 0.005) for all growth and form traits and Quambalaria shoot blight in the 3-replicate spotted gum family data set (194 families). These results were closely paralleled for the smaller 178-family data set, containing only better represented provenances (data not presented). Differences between families-within-provenances were also significant (P < 0.05) for DBHOB, height, and for transformed QDI, but not for STR or BRT (P < 0.39 and 0.25, respectively) ( Table  2) . Provenance least squares means for growth, form, numbers of forks and ramicorns, and QDI are shown in Table 1 .
Growth traits: Differences in mean diameter (DBHOB) and height between provenances were generally not marked, and there were few notably superior or poor provenances. Seven provenances performed well for both DBHOB and height, including Brooyar, Wolvi, Wondai, and Woondum (Queensland) and Sugarloaf, Mt Pikapene and Ewingar (NSW), with mean values well above the trial averages ( Table 1) . The well-known Woondum provenance was not superior in diameter to the other six Queensland provenances as a group (SAS MIXED Contrasts P = 0.70), but was superior to all other (30) provenances combined. Additionally, Home and Ingalba ranked well for height particularly (means over 4.6 m), and Home had four families with mean height > 5.0 m.
The superior NSW provenances for both traits included only six families, of which five were putative C. henryi, with mean DBHOB of 4.34 cm and mean height of 4.69 m. The four superior Queensland provenances (all of C. citriodora subsp. variegata) contained among them 21 families (out of 49 families) with clearly superior mean DBH (over 4.3 cm) and 21 families with superior mean height (over 4.8 m), often the same families.
(Family means not presented in this paper.) The topranking family for both DBHOB and height was from Home provenance (means 5.82 cm and 6.21 m). Other outstanding families combining means over 5.0 for both traits were rare (four families), occurring in Brooyar, Ewingar, Richmond Range, and Woondum provenances. Johnson et. al.·Silvae Genetica (2009) The poorest provenances for growth included Grange, Marara, Newry, and Washpool, all with mean DBHOB below 3.1 cm and mean height below 3.7 m ( Table 1) . Bagawa, Esk and Girard also ranked very poorly for DBHOB, but not so poorly for height. Most of the NSW provenances in this group were from higher altitudes away from the coast. These provenances contained several families with mean diameters below 3.0 cm and/or height below 3.5 m. The remaining 15 provenances with relatively good to mediocre mean diameter and height contained among them 20 families with relatively large mean diameter (over 4.3 cm) and 14 families with large Johnson et. al.·Silvae Genetica (2009) 58-4, 180-191 mean height (over 4.8 m). The families were mostly superior for both traits. Lowering these mean levels slightly would add considerably more families.
Stem and branch form:
Six superior growth provenances -Sugarloaf (putative C. henryi), Brooyar, Home, Wolvi, Wondai and Woondum -were also superior for STR and BRT (i.e. trees with thin branches), and all ranked in the top quarter for both traits ( Table 1) . The mean of this group was significantly greater than the mean of all other provenances combined for both traits (SAS MIXED Contrasts, P = 0.0001). Chaelundi and Wedding Bells (NSW) also ranked well for mean STR, though they were mediocre for BRT. Esk ranked best for BRT (mean 4.99) but it was relatively poor for STR. No provenances displayed very poor mean STR or BRT, the worst for STR being Mt Belmore, Newry, and Tamban (2.54 to 2.61 points), and the worst for BRT being Mt Belmore (mean 3.29 points), followed by Gilgurry and Bagawa (3.67-3.70). Home, Wolvi, and Woondum among them contained 14 families with high mean STR > 4.0. Brooyar and Esk contained the greatest proportions of superior BRT families (43 and 33 %). The best family for STR was from Wolvi (mean 4.51) and the best family for BRT was from Esk (mean 6.04). Families with relatively high mean STR and BRT also occurred in small numbers in most of the middle-ranked provenances.
Quambalaria shoot blight:
Five of the 31 provenances (excluding Newry, represented by a single family) had mean back-transformed QDI below 18 %; these were Brooyar, Home, Wolvi, Woondum, and Wedding Bells (Table 1) . Home, Wolvi, and Woondum had QDI below 6.1%, and also showed superior growth and form. The renowned Woondum provenance had significantly lower QDI than the other combined Queensland provenances and the entire group of 30 other provenances (SAS MIXED Contrasts P = 0.001 and 0.0001, respectively).
A second group of five provenances represented by > 1 family (Chaelundi, Girard, Lower Bucca, Sheas Nob, and Wondai) had mean QDI of about 29 to 32%. The great majority of families within the superior provenances suffered mean damage levels below 25 %; for example, Wedding Bells, Wolvi, Woondum, and Home all had over 80 % of such lightly damaged families. The poorest families in these provenances mostly had relatively light QDI (although one exceptional Woondum family scored 46 %), and most families scored well below 10 %. The single Newry (NSW) family was not infected at all, but it cannot be taken to represent the provenance.
The poorest provenances for QDI were Bagawa, Boonanghi, Gilgurry, Marara, Tamban, and Yessabah, with mean back-transformed damage of over 62 % ( Table 1) . The most damaged family was from Grange (96 %), but 18 other families in the trial had over 80 % mean damage. The southern-most three provenances, Boonanghi, Tamban and Yessabah had mean back-transformed damage of 67.3 % to 73.5 %, and as a group they had a significantly greater mean QDI than the mean of all the other provenances (Contrasts P = 0.0001), and the mean of the other NSW provenances (Contrasts P = 0.0004).
Most of the intermediate-ranked provenances contained families with wide ranges of mean QDI, from about 15-20 % up to 70-80 %. There were occasional lightly damaged families and undamaged trees in some of the intermediate and even poorly ranked (i.e. severely damaged) provenances. The Richmond Range provenance, commonly used in NSW plantations, had moderate damage (back-transformed mean of 46.2 %) and a wide range of family means, with 23 % of families having < 26 % QDI.
The five provenances containing putative C. henryi families had moderate to fairly high mean values of QDI, of 30 % to 56 %. Individual family mean values var- ied widely, from 0.2 % to 80.5 %. Three families (from Lockyer and Sugarloaf) had < 20 % mean CDI.
Fork and ramicorn counts:
Mean values for provenances are shown in Table 1 . Mean ramicorn counts were considerably greater than fork counts in most provenances. Several provenances with a low mean fork number (< 0.25) also had a low mean ramicorn count (< 0.45), including Brooyar, Home, Lockyer, Wolvi, Wondai, Woondum, and Mt Pikapene (single family). Extra provenances considered superior included Chaelundi, Gilgurry, and Sheas Nob (for fork count), and Ingalba, Newry (single family), and Sugarloaf (for ramicorn count). There were only two notably "forky" provenances, with mean > 0.6 (Boonanghi and Mount Belmore). In contrast there were seven provenances with a mean ramicorn count of 1.0 or higher, viz. Bagawa, Gilgurry, Grange, Kangaroo River, Mt Belmore, Tamban, and Yessabah.
Superior or poor provenances for fork or ramicorn count tended to contain high proportions of respectively Johnson et. al.·Silvae Genetica (2009) 58-4, 180-191 superior or poor families. This was most pronounced in poor provenances for ramicorn count with 4-plus families, such as Bagawa, Grange, Kangaroo River, Tamban, and Yessabah, in which 75 to 100 % of families were poor.
Relationships between Quambalaria shoot blight and genotype origins
There was significant (though not strong) linear regression of back-transformed mean QDI for 23 wellrepresented provenances (those having 4 or more families) on latitude (R 2 = 0.51, P = 0.0001), but not on altitude (R 2 = 0.16, P = 0.055), of provenance origin (Table 3) . QDI increased as latitude increased (i.e. more southerly) (Figures 1 and 2) . The moderately high R 2 for latitude no doubt resulted from a cluster of four Queensland provenances from about latitude 26°S, with very low mean damage, and another small cluster of NSW provenances originating at about latitude 31°S, with high mean damage. QDI values for the majority of the provenances, originating from about 29-30°S, varied widely ( Fig. 2 and Tables 1 and 3 ). There was a paucity of points in the 27°to 29°range. Wedding Bells was a clear outlier, originating near 30°S but with a much lower mean QDI (12.5 %) than other provenances from near this latitude. Regressions of provenance QDI on annual and summer rainfall at provenance origin were effectively nil, for all provenances and for the 23 wellrepresented provenances (R 2 = 0.002 to 0.009; P = 0.61 to 0.83).
Relationships between Quambalaria shoot blight and growth
Regressions of mean growth on back-transformed mean QDI were highly significant (P < 0.0002) for both DBHOB and HT, for all families and for the 23 well-represented provenances. Mean growth decreased with increasing mean QDI. Values of R 2 were higher for provenances (0.49 and 0.58) than for families (0.20 and 0.29), and greatest for height on QDI in both cases ( Table 3 ). The regression of mean height on back-transformed mean QDI for provenances is shown in Figure 3 .
For all individual trees assessed, and within provenances represented by several families, there was a tendency for height and diameter to fall as QDI increased (data not presented). The regressions in the case of all trees combined were very weak, though statistically significant (R 2 = 0.132 for height, and 0.079 for diameter; P = 0.0001). Regression of height on QDI was also very weak within all individual provenances (R 2 = 0.0 to 0.43), although these regressions were significant for 22 of 30 provenances. Regression of DBH on QDI was weaker than for height, and significant for only 13 provenances.
Genetic and phenotypic parameters
Variance components derived from the 178-family data set to estimate heritability are shown in Table 4 . The individual heritability estimates for growth and form traits ranged from zero (STR) to low (0.09 and 0.14) for DBHOB and HT, respectively, and with relatively large standard errors at least 50 % to 80 % of the estimates. The estimate for transformed QDI was 0.31 ± 0.09, a moderate value. Family mean heritability (other than for STR) was low to moderate (0.12 for BRT to 0.50 for QDI), with low standard errors ( Table 5) .
Genetic correlations were only estimated for transformed QDI and the growth traits, as individual heritability estimates for the three form traits were very low or zero. Correlations for transformed QDI with each of DBHOB and HT were strong and negative (-0.88 and -0.77), with low to moderate standard errors 38% and 27 % of the estimates ( Table 5 ).
All phenotypic correlations from the 178-family data set were statistically significant (P < 0.002) apart from those for height/branch thickness and DBHOB/number of forks, and standard errors were mostly very low ( Table 5) . This was mainly due to the large number of individual trees in the data set. Only the correlation between DBHOB and HT was high (r = 0.91). The correlations between growth and STR were weak and positive (r = 0.37 and 0.48), and BRT was weakly positively correlated with straightness (0.26). Transformed QDI was weakly, negatively correlated with DBHOB and HT (-0.30 and -0.38), and also with STR and BRT (-0.44 and -0.27). Fork and ramicorn counts were positively but weakly correlated with QDI, the latter more strongly (r = 0.38) ( Table 5 ).
Discussion
In this trial, we identified provenances and families of C. citriodora subsp. variegata that were superior for growth, form and Quambalaria shoot blight tolerance. Notably superior provenances, each represented by several families, were Home, Wolvi, and Woondum (southeast Queensland). DICKINSON et al. (2004) also found Woondum provenance to be lightly damaged by Quambalaria shoot blight in taxon x site trials in Queensland. It was superior to all (between one and three) other provenances of C. citriodora subsp. variegata in 14 out of 19 trials, and also had the best height growth on nine sites. In contrast, Woondum was not outstanding in tolerance in an inoculation study in Queensland (SELF et al., 2002) , having a percentage of infected foliage greater than Richmond Range, but not significantly so (21.1% vs 13.8 %). This result was contrary to those in the present study. However, the inoculation trial only included five C. citriodora subsp. variegata provenances, and the number of families contributing to the single Woondum seedlot is not known. There was only a limited number of seedlings assessed per provenance (25).
At the single site where it was planted in the Queensland taxon trials, Wolvi provenance was moderately to severely infected, and had relatively poor early height growth. However, the provenance seedlot used was collected from only four trees (DICKINSON et al., 2004) . In the present trial, Wolvi provenance was superior in growth and tolerance (with 6.0 % mean damage) and better represented, by 13 families, but these did include four families with moderate mean QDI of 21-38 % (though not necessarily the same families as in the Queensland trial).
Of the 79 families in the present trial with mean Quambalaria shoot blight under 25 %, 52 were from the south-east Queensland provenances of Brooyar, Home, Wolvi, Wondai, and Woondum, making them obvious sources of tolerant genotypes. Mean DBHOB and HT growth of many of the tolerant families was also superior. Wedding Bells (coastal NSW) was also outstanding for Quambalaria shoot blight tolerance, but with only one high-growth family. The superior tolerance of Wedding Bells was possibly related to its coastal location (the coastal provenance Newry also had very low infection, but was represented by only one family). However, there were too few NSW coastal provenances to suggest a consistent trend. Families combining superior DBHOB Table 5 . -Heritability estimates and additive genetic and phenotypic correlation estimates for spotted gum family seedlots. Genetic correlations (with standard errors) above diagonal, phenotypic correlations (with SE) below diagonal; heritability estimates with SE on diagonal (individual estimate above, family estimate below).
(> 4 cm) and superior mean tolerance (< 30 % damage) occurred in a few other provenances ranked lower for Quambalaria shoot blight tolerance, but they were uncommon (10 families). SELF et al. (2002) considered that the significant variation in Quambalaria shoot blight tolerance existing within provenances could be utilised in tree improvement by selecting some outstanding families or individuals from unexceptional provenances. Such a strategy would be desirable for selecting genotypes for breeding from the present trial, to broaden the genetic base beyond families from a few superior Queensland and NSW provenances. Ten families from mediocre C. citriodora subsp. variegata provenances that combined superior mean growth and low mean QDI (mentioned above), came from seven provenances including Boonanghi, Dalmorton, Ewingar, Ingalba, Kangaroo River, Ramornie, and Richmond Range. Individual trees with height over 6 m and QDI below 5 % existed in several provenances that showed moderate to high mean damage and mediocre mean growth (e.g. Kangaroo River, Richmond Range, and Dalmorton). Such trees could be useful for broadening a breeding population.
Families from the southern provenances (Boonanghi, Ingalba, Tamban, and Yessabah), which probably contained C. maculata or intergrades of C. citriodora subsp. variegata with that species, were mostly highly damaged by Quambalaria shoot blight. A few of the southern families displayed fairly high mean diameter growth, although this was mostly accompanied by high QDI. This is consistent with the significant correlation between QDI and provenance latitude (R 2 = 0.51).
There is a paucity of information on the relative susceptibilities of C. maculata and C. citriodora subsp. variegata. CARNEGIE (2007b) reported lower disease levels in plantations of C. citriodora subsp. variegata in NSW (established from 2000 onwards) compared to earlier plantings of C. maculata (established 1995 -1999 ) during surveys over a 10-year period, although he could not rule out climate differences between these periods as a factor. Conversely, in a "crop loss" study on two sites in northern NSW, C. citriodora subsp. variegata from Warwick (sub-inland Queensland) and Moleton (north-west of Coffs Harbour, NSW) were both more damaged by a combined range of fungi (including Q. pitereka) than was C. maculata from the NSW South Coast (SIMPSON et al., 1997) . The inland Warwick provenance was the most damaged of the three, and also had the poorest mean height growth. In a 6-year-old species trial on the central coast of NSW, a low-rainfall provenance of C. maculata (Curryall, NSW) had significantly lower means for DBH and height (4.5 cm and 4.5 m), and higher QDI (35 %), than the combined means of three provenances of C. citriodora subsp. variegata (DBH 14.0 cm, height 13.0 m, QDI 2.5 %) (A. Carnegie, unpubl. data) . However, the C. maculata tested was not representative of "core" areas of the species' range on the NSW central and south coasts.
There was effectively no correlation between mean provenance Quambalaria shoot blight and rainfall at the seedlot origins in our trial. In contrast, DICKINSON et al. (2004) reported that mean annual rainfall at provenance origin was a good indicator of potential Quambalaria shoot blight tolerance in spotted gums: provenances in Queensland trials originating from higher rainfall, coastal areas (e.g. Woondum) were more tolerant of Quambalaria shoot blight than those from drier inland areas (e.g. Carnarvon, Queensland). Similar observations have been made for other diseases, such as Mycosphaerella leaf disease (CARNEGIE et al., 1994; and target spot caused by Aulographina eucalypti (CARNEGIE and KEANE, 2003) on a range of species of Eucalyptus. It was postulated that provenances from warmer, wetter areas would have co-evolved with the pathogen(s), and therefore built up some tolerance (CARNEGIE et al., 1994 (CARNEGIE et al., , 2004 . C. citriodora subsp. variegata provenances of low annual rainfall (630 -750 mm) were present in the Queensland trials (DICKINSON et al., 2004) , but there were no provenances with rainfall this low in the present trial. Relatively low rainfall provenances such as Esk, Lockyer and Wondai (MAR = 800-850 mm) had moderate mean QDI (29 to 50 %). The lack of contrast in provenance rainfalls may have lowered the power of this correlation.
Four of the ten putative C. henryi families in the trial had relatively low back-transformed QDI means (0.2 % to 29 %), and the mean overall for the species was moderate (and very close to the trial mean), at 39.5 %. Overall means for DBHOB and height were slightly above the trial means, although four of the families had both DBHOB and height well above trial means. These results suggest about average Quambalaria shoot blight tolerance and slightly above average growth for C. henryi on this site, but firm conclusions cannot be made since the C. henryi complement of the trial was not firmly identified. On moister site x taxon trial sites in Queensland (> 800 mm rainfall), provenances of this species were moderately to severely damaged by Quambalaria shoot blight, much more so than Woondum, but similarly to some inland C. citriodora subsp. variegata provenances. It had lower height growth than most C. citriodora subsp. variegata provenances on the wetter sites, but on drier sites the two species tended to be similar for both damage and height (DICKINSON et al., 2004) . Five NSW provenances of C. henryi showed good growth (mean 6.1 to 7.0 m) at 54 months on one moist, fertile Queensland site, but no other taxa were tested with them (DICKINSON et al., 2004) . In most of these Queensland trials, there were only between one and three provenances of each species compared. In a nursery trial, SELF et al. (2002) found a single provenance seedlot of C. henryi (Myrtle Creek, NSW) to have a similar, fairly low, percent of foliage infected to Woondum provenance C. citriodora subsp. variegata: 19.8 % vs. 21.1%. However, LEE (2007) stated that no Quambalaria shoot blight-tolerant provenance of C. henryi had been found from tree improvement work in Queensland.
Individual heritability estimates for growth traits in the current trial were low (c. 0.1), which is generally consistent with most estimates of these traits in wild progenies of other eucalypt species, e.g. 0.14-0.16 for DBHOB and 0.19-0.22 for height in 3-year-old E. dunnii (JOHNSON and ARNOLD, 2000) ; 0.14 for volume of young E. pilularis (CARNEGIE et al., 2004) . However, estimates for 3.5-year-old E. cladocalyx in Western Australia (WA) were moderate (0.40-0.44 (CALLISTER et al., 2008) . The zero heritability for STR in the present trial was probably due to the mostly small tree size. In other species at young ages, low to moderate estimates have been recorded for this trait -e.g. E. dunnii 0.11 (JOHNSON and ARNOLD, 2000) ; young E. cladocalyx 0.16 to 0.50 in WA (CALLISTER et al., 2008) ; 0.15 for 60-month old E. camaldulensis in Pakistan (MAHMOUD et al., 2003) . The very low estimate for BRT (0.04) in this trial may be caused by the narrow crown shape in young spotted gums, which makes the differentiation of relative branch thickness difficult. Low heritability values (0.03 to 0.17) for branch score in young E. cladocalyx in WA (based on a similar method to the current trial) were recorded in WA (CALLISTER et al., 2008) . The individual heritability estimate for QDI (0.31) in the present trial was generally similar to those for other disease traits of eucalypts, e.g Mycosphaerella leaf disease of E. globulus (0.35, DUNGEY et al., 1997, CARNEGIE and ADES, 2005) and E. pilularis (0.38, CARNEGIE et al., 2004) .
The quite strongly negative genetic correlations between transformed QDI and the growth traits (-0.88 for DBHOB) suggest that faster-growing families would also have lower Quambalaria shoot blight susceptibility. The significant regressions of height and diameter on Quambalaria shoot blight, for all individual trees, families, and provenances with four or more families indicated that the damage was negatively affecting growth. Only 25% of severely damaged trees (QDI > 60 %) were above average in DBHOB, compared with 50 % of lightly damaged trees (QDI < 25 %). However, the regressions for all trees combined in our trial were weak and not useful for predicting the effects of different levels of Quambalaria shoot blight damage on growth rate. The measured effect of QDI on tree growth may have been diminished by the practice of assessing the immature foliage only (not the whole crown). Trees with high QDI but a low percentage of immature leaves could be less impacted than trees with low-medium QDI levels and a greater percentage of immature leaves, as overall there is less leaf area damaged. An assessment method that more accurately quantifies the damage and impact of QSB has recently been developed (PEGG and CARNEGIE, 2008, unpubl.) .
Overall, our results indicate that Quambalaria shoot blight had a detrimental effect on growth of young spotted gum. Several authors have reported that Q. pitereka causes growth loss of spotted gums, but mainly from field observations (e.g. SIMPSON, 2000; CARNEGIE, 2007b; PEGG et al., 2008 PEGG et al., , 2009 . DICKINSON et al. (2004) noted, from a provenance study over 22 sites in Queensland, that variation among spotted gum provenances in early height growth appeared to be closely associated with severity of Quambalaria shoot blight, especially on higher rainfall sites (although no regression results were given). Growth reduction is not surprising, considering that Q. pitereka infects the growing shoots, causing death of these in most cases, leaving the top third or so of severely infected trees dead. Severe and repeated Quambalaria shoot blight also results in poor stem form (SIMPSON et al., 1997; SIMPSON, 2000; CARNEGIE, 2007b; PEGG et al., 2008) , potentially reducing the value of sawlogs. Families and provenances in this trial with high mean QDI tended to have poor mean straightness scores and above average numbers of forks and ramicorns, although the phenotypic correlations were weak. Studies are currently underway to quantify the longterm impact of Quambalaria shoot blight on spotted gums, including the impact on merchantable volume of trees.
Our results indicate that there is ample scope for selection within the range of provenances and families in current breeding stock to improve Quambalaria shoot blight tolerance, growth and form of spotted gum, and to reduce the future impact of the disease in commercial plantations in sub-tropical Australia. Applying theoretical culling levels of 4.0 cm for DBHOB and 30 % for Quambalaria shoot blight damage, in the present trial, gave 49.4 % of "acceptable" trees overall in the three best provenances based on mean QDI (Home, Wolvi, and Woondum). In practice, phenotypic thinning to waste at about three years (as done in Queensland) in stands of equivalent quality might be able to retain at least half of the trees as acceptable. It is encouraging that even on such a relatively poor site as this trial, the use of select provenances may give worthwhile gains in growth and Quambalaria shoot blight tolerance. Seed orchards are being developed, utilising the resource of superior families and individual trees in the trial that combine superior growth and Quambalaria shoot blight tolerance, to achieve more substantial gains in these traits.
